The dissociation of adult rat heart into individual, functionally intact, calcium-tolerant myocytes requires precise manipulation of extracellular calcium levels. Dissociation of intercellular connections is achieved by lowering extracellular calcium to micromolar levels for a short period. By imposing a very small increment in free calcium activity (from 14 to 17 fiM) during this period, we achieve a significant yield of functionally intact pairs of myocytes still joined at the intercalated disc. We obtain fewer intact cells, but many of these are paired end to end. These findings permit us to describe some structural characteristics of intercellular connections between cardiac cells and to report unambiguous measurements of electrotonic coupling and dye transfer between rat cardiac cell pairs. We find that the strength of electrical coupling between cells isolated as pairs with intact junctional contacts is much greater than that measured between cell pairs that have formed new junctional contacts. (Circulation Research 1986;59:143-150)
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I SOLATION techniques developed and refined since 1980 yield populations of functionally intact single ventricular myocytes from the adult mammalian heart (reviewed in Wittenberg and Robinson, 1 Dow et al, 2 and Farmer et al 3 ). Electrophysiological and structural properties of cardiac gap junctions can be established without ambiguity using isolated cardiac myocytes still joined to their neighbors by intact gap junctions. 43 While endto-end cell pairs have been isolated from guinea pig heart, 4 the standard isolation procedure applied to rat heart' yields a negligible number of cell pairs still attached at the intercalated disc. Modification of the dissociation conditions permits us to optimize the yield of either single or paired cells.
To free intact individual cells in the heart from neighboring cells attached by junctional and nonjunctional connections, calcium concentrations must be decreased. 6 However, the isolated perfused heart is insidiously damaged by low calcium perfusion, and low calcium perturbations must be healed to prevent cell disruption when physiological calcium levels are reestablished after the calcium-free perfusion. 7 We report here that varying calcium concentration over a narrow range during dissociation profoundly affects maintenance of cell-to-cell connection and calcium permeability of the sarcolemma of isolated cardiac myo-cytes. These findings permit us to control the dissociation of rat heart so that a significant number of intact myocytes are still joined to a neighboring cell at the intercalated disc. We report some of the morphological features of gap junctions in isolated pairs of rat cardiac cells and show that these cell pairs are strongly coupled as measured by the passage of electrical current and fluorescent dye between them.
Previously, we have presented evidence for the occurrence of low resistance pathways between "newly formed" cell pairs. 5 We report measurements of junctional conductance between such cell pairs that were newly joined in random orientations after separation into single individual cells, and we compare these values with junctional conductance measured between cells that were isolated as intact pairs.
Materials and Methods Preparation of Isolated Heart Cells
This is the current modification of the procedure of Wittenberg and Robinson.' The solutions were supplements of modified commercial MEM Eagle Joklik (K.C. Biological, DMC317). HEPES-MEM contained NaCl, 117 mM; KC1, 5.7 mM; NaHCO 3 , 4.4 mM; KH 2 PO 4 , 1.5 mM; MgCl 2 , 1.7 mM; HEPES, 21.1 mM; glucose, 11.7 mM; amino acids and vitamins; L-glutamine, 2 mM, and insulin, 21 mU/ml (69 x 10-' M). The pH was adjusted to pH 7.2 with NaOH. This solution is 292 mOsm, isosmolar with rat serum, and in the standard procedure contained no added calcium; measured calcium activity was 5 /iM. Resuspension medium was HEPES-MEM supplemented with 0.5% bovine serum albumin, 0.3-1.0 mM calcium chloride, and 10 mM taurine adjusted to 292 mOsm.
The procedure consists of three main steps. 1. Low calcium perfusion: Blood washout and collagenase (selected Worthington type II) perfusion of the adult (350-400 g) male rat heart were carried out at 32° C with HEPES-MEM gassed with 85% O 2 , 15% N 2 . Calcium chloride 0-30 (JLM was added to HEPES-MEM as specified for the experiments reported here.
2. Mechanical tissue dissociation: Collagenaseperfused tissue was subsequently shaken in resuspension medium containing creatine, collagenase, and 0.3 rnM calcium chloride. Supernatant cell suspensions were washed and resuspended in resuspension medium.
3. Separation of intact cells: Intact cardiac cells were enriched by centrifugation through Percoll (Pharmacia Fine Chemicals, Upsala, Sweden). About 10* cells were suspended in 10 ml of isotonic Percoll (final concentrations 41 % in resuspension medium) and centrifuged for 10 minutes at 34g. Intact cells were recovered from the pellet and washed and stored at 30° C in resuspension medium.
Evaluation of Heart Cell Preparation
Analytical Methods. Free calcium ion activity was determined with a calcium-ion-selective electrode and a double-junction reference electrode (W. Moller, Zurich, Switzerland). Standard curves were constructed by dilution of calcium chloride solution in distilled deionized H 2 O. The electrode response was linear, from pCa = 1 (10"' M) to pCa = 6 (10"* M) calcium chloride. We find that if the calcium activity coefficient, y, is assumed to be equal to 1 in distilled deionized H 2 O, then y -0.5 in isotonic medium. The activity coefficient depends on the ionic composition of the medium and on the presence of components that specifically bind calcium. HEPES buffer alone does not bind calcium ion. For this reason, we prefer HEPES buffer to bicarbonate or phosphate buffer, both of which lower calcium ion activity by binding calcium.
Protein was determined by the method of Lowry et al. 8 ATP, creatine phosphate, and lactate were determined by enzymatic assays. 910 Reported values of ATP, creatine phosphate, and lactate are corrected for the fraction of cells retaining normal morphology. We find that rounded cells in 1 mM calcium chloride contain very little ATP in our preparations. Lactate accumulation stops even under anaerobic conditions when cells are rounded and high-energy phosphate levels are depressed (B.A. Wittenberg, unpublished results).
Microscopy. Calcium tolerance, sarcomere length, and the contractile response to extracellular electrical stimulation were observed with a Nikon inverted microscope fitted with Hoffman modulation optics. Cell counts were determined in a volume of 10^* ml with a hemocytometer. Calcium-tolerant cells displayed clear cross striations and were quiescent in 1 mM calcium chloride for at least 2 hours.
For electron microscopy cell suspensions were gently pelleted 1-2 hours after dissociation. Medium was removed and replaced with fixative (2.5% ultrapure glutaraldehyde in 0.1 M cacodylate buffer; pH = 7.2). Cells were fixed for 30 minutes. After a brief rinse in buffer, the cell pellets were postfixed for 1 hour with 1% OsO 4 in the same buffer. Samples were then dehydrated through a graded series of ethanols and embedded in Epon. Thin sections of specimens were poststained with uranyl acetate and lead citrate." A Philips 300 transmission electron microscope was used to examine the sections at 60 kV.
Dye Injection. A 3% solution of Lucifer Yellow CH (Sigma) in 150 mM LiCl was iontophoretically injected into one cell of a coupled pair of heart cells. Cells were examined with a Nikon Diaphot microscope equipped with a Xenon epifluorescence source and an FTTC filter block.
Electrophysiology. To test the contractile response of calcium-tolerant cells, platinum wire electrodes (.3 mm diameter) separated by 200 fim were dipped into the pool of resuspension medium containing 1 mM calcium chloride. Biphasic pulses of 3-to 8-V strength and 3 msec duration were applied to those few cells between the exposed ends of the electrodes at a rate of 1-2 times/second by a stimulator (Narco Biosystems, model SI-10, Houston, Texas). Individual quiescent cells were observed at a magnification of 300 X . Cells that appeared to contract synchronously throughout the cell in response to each pulse and that did not become spontaneously active after repeated stimulation were considered to show normal contractile response. Not all calcium-tolerant cells contract when stimulated. About 80% of the cells used for subsequent experiments continued to respond to stimulation for at least 2 hours in 1 mM calcium.
Newly formed pairs were prepared by plating a plastic culture dish with a layer of single cells that were then mechanically brought in contact with other single cells and incubated overnight. The conductances of the junctional and nonjunctional membranes of newly formed t-shaped or x -shaped tnyocyte pairs were measured using the dual whole-cell voltage clamp technique. 3 This technique has the advantage of enhanced sensitivity at very small current levels. However, the uncompensated series resistance of the wholecell voltage clamps (using 5-Mft patch electrodes) is about 1 Mil (conductance = 1 /xsiemens). When the input conductance (the parallel sum of the junctional and nonjunctional conductances) of a cell pair exceeds 0.1 /isiemens, measurement of conductances becomes imprecise.
For very tightly coupled cells, we voltage clamped one cell of the pair and current clamped the other, using independent single electrode clamp circuits for each cell (see Figure 1 ). The clamp circuits (Almost Perfect Electronics, Basel, Switzerland) inject current and measure voltage alternately, at a rate at least 10 times greater than the cell time constant (8-15 msec) . Briefly, a current pulse applied to Cell 1 permits measurement of transjunctional voltage (V^) and junctional current (i } ). Alternatively, voltage pulses applied to Cell 2 permit the measurement of a transfer voltage in Cell 1. Figure 1A shows that a portion of the current pulse applied to Cell 1 flows through the junctional resistance, rj, to Cell 2 and is there measured as ; r The resultant voltage deflection (V H ) measured in Cell 1 is equal to V } . Thus, V, and i j are measured directly in the current clamp mode and g } and g t are calculated by Equations 1 and 2: 
Conventional intracellular microelectrodes were used; resistance was 10-30 Mil for electrodes filled with solution containing KC1, 1000 mM; EGTA 10 mM; Hepes, 2 mM. The pH was adjusted to 7.1 with KOH.
Results

Effect of Calcium Concentration on the Yield of Intact Cell Pairs and Single Cells
The results are summarized in Table 1 . In the absence of added calcium during the washout step the free calcium ion activity of the extracellular fluid drops from about 1000 fiM. toward a value of 5 /xM, the free calcium activity of HEPES-MEM. After perfusion with collagenase, the measured free calcium ion activity is about 8-10 /iM.
Increasing the free calcium activity of the dissociation solution from 5 /xM (zero added calcium) to about 15 fiM (20 /JM added calcium) did not affect yields of viable heart cells. Essentially no detectable cell pairs joined end to end were isolated by this procedure. The addition of 25 /xM calcium chloride (aCa = 14-17 IxM) to the HEPES-MEM, however, resulted in a visible increase in the number of end-to-end cell pairs surviving the dissociation procedure, a visible increase in the number of irreversibly damaged single cells, and a significant decrease in the yield of viable cells. The high-energy phosphate level was significantly decreased probably reflecting the presence of some metabolically challenged though rectangular and calciumtolerant cells in this population.
An increase in the calcium addition from 25 /nM to 30 ju,M calcium chloride (aCa > 20 /u,M) led to irreversible contracture of all the cells and a negligible yield of viable cells.
Morphology and Junctional Coupling of Isolated Intact Cell Pairs
Microscopy. Cell pairs joined at the intercalated disc were characterized by their doubled length (250 x 25 (JM) and by a distinctly visible line of demarcation at the contact region. Cell pairs joined side to side along the longitudinal axis were characterized by a clear difference in lateral dimension and were bidentate at their transverse ends. Figure 2A shows thin-section electron micrographs of the intercalated disc region between an isolated pair of still joined, structurally intact myocytes. As previously reported for single isolated cells, 113 mitochondrial structure, sarcomere alignment, and cell structure preservation is good. The A-, Z-, and M-bands as well as the I-bands and the N-lines are clearly resolved, demonstrating a relaxed configuration of the sarcomeres in the presence of 0.3 mM extracellular calcium. Sarcomere length measured in the myocyte pair shown in Figure 2A is comparable to that which we measure in living cells without fixation. In contrast, the appearance of the intercalated disc differs significantly from that typically observed in the intact heart. There is a visible, distinct separation between the cells that is not observed in whole tissue. However, cell-to-cell contact is structurally maintained at typical gap-junction structures. Gap junctions between cells at the intercalated disc remain intact (see Figure 2B ) even when the desmosomes have a larger than normal separation (see Figure 3 ). Considerable strain is evident in the last Aand I-band regions next to the widely separated desmosome (see Figure 3) .
Dye Transfer Between Cell Pairs. Figure 4 demonstrates sarcoplasmic continuity between cells still joined at the intercalated disc. Lucifer Yellow CH injected iontophoretically into one cell of an end-to-end pair diffused into the other cell within a few minutes, specifically through the intercalated disc content. Dye does not diffuse out of Cell 1 at any other region. Dye coupling in newly formed pairs was slower and was never seen within 5 minutes of injection, indicating that gj was very low.
Electrical Coupling Between Isolated Intact Pairs. .Functional conductance was measured between cell pairs. For these measurements three different types of pairs were examined:
1. end-to-end pairs isolated with some intact structural contact at the intercalated disc;
2. side-to-side pairs isolated with structural contact intact along the longitudinal axis; and 3. cells first isolated as single cells and subsequently mechanically brought into contact to form randomly joined new pairs.
Cells isolated as pairs aligned end to end or side to side were almost always electrically coupled, and junctional conductance (gj) was often very high. Newly formed pairs mechanically joined (as judged by coordinated motion) were rarely electrically coupled, and when coupling was observed, g t was much lower (see Table 2 ). Figure 5 shows typical records of electrical coupling from several pairs of cells. Figure 5A is a dual wholecell voltage clamp recording using patch electrodes from cells which were dissociated in nominally calcium-free medium as single cells and were subsequently joined to form new low-resistance pathways after Figure 5B shows traces from a tightly coupled isolated cell pair, dissociated using the modified technique with 25 fiM calcium chloride added to the HEPES-MEM during the low calcium perfusion. The single electrode switching clamp (see "Materials and Methods" and Figure 1 ) was used. One cell was injected with current pulses (top trace), and the voltage deflection in that cell (V t ) was recorded (second trace from top). At the same time, current (i) was measured in the second, voltage clamped, cell (upward deflections in the third trace from top). A voltage pulse (V^) (bottom trace) was alternately applied to the second cell (by its voltage clamp circuit) with resultant downward deflections in the current measured in Cell 2 (i n ) and the voltage recorded in Cell 1 (V 2I ) while /,,, the current in Cell 1, remained constant (at zero). Cell 2 was voltage clamped to -40 mV, while Cell 1 remained current clamped; but because the cells were tightly coupled, the voltage measured in Cell 1 was also -4 0 mV. Junctional conductance measured in this pair was 2.24 /xsiemens. Nonjunctional conductances were 0.107 /isiemens (Cell 1) and 0.028 /xsiemens (Cell 2).
Measurements recorded from a series of cell pairs in several preparations are shown in Table 2 . While g varied from 0.47 to 3.10 /^Siemens in laterally coupled pairs and from 0.60 to 8.00 ^isiemens in end-to-end
A:
B. pairs, the junctional conductance of laterally coupled cell pairs was not significantly different from that of end-to-end pairs (p > 0.05 Student's t test). Mean gj between all cells isolated as intact pairs was 2.05 ± 0.46 ^Siemens (n = 19; mean ± SEM), a value nearly 300 times greater than that observed between newly formed pairs (0.007 ± .004 /^Siemens, n = 10) (see Table 2 ).
Discussion
The manipulation of extracellular calcium ion activity has been crucial to the isolation of functionally intact cardiac myocytes. U4~16 We have defined the limits over which calcium concentration can be varied during the low calcium perfusion in the initial dissociation step.
Thin sections, displaying the sarcolemma of single cells isolated after dissociation in nominally calciumfree medium, show that the surface coat, separated halves of desmosomes, and remnant gap junctions are intact.
ll7 Therefore, dissociation in low calcium medium (aCa = 5-14 fiM) does not split the gap junctions down the middle. Rather, the adjacent nonjunctional membranes were ruptured and thereafter incorporated with the whole gap junction into one or the other cell through a pinocytotic mechanism. 17 When aCa of the dissociation medium is increased from 14 to 17 /iM, fewer cells survive the dissociation process, and the occurrence of cell pairs that remain attached at the intercalated disc increases strikingly. We cannot tell whether these two effects are related or independent. The sharp calcium dependence of cell pair production may represent the lower limit of calcium required for maintenance of intact membranes surrounding the gap junctional plaques. Cells still connected to their neighbors by weakened intercellular connections may be more vulnerable to the shearing forces of the dissociation procedure after calcium concentration is increased to 300 (AM. Figure 3 shows that cells still connected by several intact gap junctions demonstrate signs of structural strain in the erratic arrangement of myofilaments and non-uniform I-bands on both sides of the intercalated disc when the desmosome separation increases.
The dissociation of guinea pig heart yields a higher percentage of end-to-end paired cells, 4 and the period of increased calcium overload susceptibility is apparently much shorter 16 than we observe for rat heart. These data suggest that there may be differences in the calcium sensitivity of the sarcolemma and of intercellular connections in different animals.
The maintenance of high-energy phosphate levels (ATP plus creatine phosphate) provides a sensitive index of the ability of the cells to maintain high-energy phosphate synthesis at rates commensurate with utilization. Heart cells maintain normal ionic gradients 18 and continue to maintain structural integrity, calcium tolerance, and other criteria of viability when highenergy phosphate levels are diminished to 67% of control for several hours.
I9
- 2U The decreased high-energy phosphate levels measured in cells prepared in HEPES-MEM with aCa = 14-17 /iM suggests that the maintenance of ionic gradients is challenging the metabolic regeneration of ATP in this population of cells.
The electron micrographs shown here display separation of desmosomes but preservation of gap junctions in axially oriented cells that have survived the dissociation procedure as pairs. These large gap junctions are apparently similar to those in intact tissue and satisfy criteria of functional integrity; that is, they show junctional conductance (g^ that is higher than that measured between newly formed pairs and they pass the fluorescent dye Lucifer Yellow CH.
Page and Shibata 21 conclude that fewer gap junctions occur along the lateral borders than at the longitudinal ends of cardiac cells in the heart. Thus, one might have expected that g t between end-to-end coupled cells would be higher than that between laterally coupled cells. We found no significant difference in g between pairs of cells that were coupled end to end and cells that were joined along their lateral edges. Kameyama 4 reported measurements of g t between myocyte pairs isolated from guinea pig hearts without manipulation of calcium levels. Our measured values of g } are 3-4 times greater than those reported by Kameyama; however, his data also show no significant difference in g } between end-to-end and side-to-side pairs. We measured junctional current and transjunctional voltage by voltage/current clamp techniques directly, so that calculation of gj does not become "imprecise at higher coupling ratios." 4 The magnitude of junctional conductance depends on the conductance per channel and the proportion of existing channels that are open. 22 Experimental discrepancies may reflect species differences or changes in junctional conductance induced during the dissociation procedure.
Two separated cells that have been isolated as individual single cells can be brought into contact to form a mechanically coupled cell pair oriented at random. Remarkably, some of these cell pairs demonstrate conducting pathways after overnight incubation, although g i measured between such pairs is about 300 times lower than that recorded between cells isolated as intact pairs. The fact that conductance can be measured between these pairs establishes the existence of lowresistance pathways between cells; the magnitude of the measured conductances suggests relatively few open channels between cells. In accord with this conclusion we have found that thin sections and freeze fracture replicas of newly coupled cells reveal only punctate oppositions and small particle aggregates (Mazet F, Ginzberg RD, Wittenberg BA, and Spray DC, unpublished observations).
Pairs of cardiac myocytes, joined end to end and connected by gap junctions, have been isolated from the adult rat heart. Gap junctions between these paired cells are functionally similar to those in intact tissue, as judged by the g j values recorded ( Figure 5 ) as well as the morphology of the intercalated disk region ( Figure  2) . Adult heart cells isolated as individuals may form new low-resistance pathways when they are brought together in random orientation after isolation. The magnitude of conductance measured between such newly paired cells is much lower than that measured between cells isolated as intact pairs.
